Abstract: A new full-field Stokes-Mueller polarimetry system with no moving parts is proposed for imaging the Mueller matrix of optical samples. The polarization state generator (PSG) of the proposed system contains two electro-optical (EO) modulators to generate six polarization states of the input light, while the polarization state analyzer (PSA) contains two further EO modulators to produce an additional eight polarization states of the light emerging from the sample. A total of 48 polarization states of the output light are thus captured at the detector (a charge couple device (CCD) camera). The feasibility of the proposed system is demonstrated by imaging the Mueller matrixes of blank air and a quarter-wave plate with the fast axis set to the horizontal direction, respectively. It is shown that the proposed system is capable of measuring the Mueller matrix of the two samples with a resolution of 10 −2 . In general, the results show that the system provides a convenient and reliable means of imaging the Mueller matrix of optical samples.
Introduction
Polarization light has many powerful and useful applications in optical engineering and industry. Many studies have shown that the polarization state is a key factor in measuring the properties of optical samples, and can be expressed by four Stokes parameters (S 0 , S 1 , S 2 , S 3 ) [1] - [3] . One of the most common applications of polarization light is that of measuring the 16-element (4 × 4) Mueller matrix of a sample [4] - [6] . Over the years, many Stokes-Mueller matrix measurement polarimeters have been proposed. For example, Liao et al. [7] measured the anisotropic optical properties of biological tissues using a linear polarization imaging technique based on a CCD camera and Monte Carlo simulations. In the proposed approach, the sample was illuminated with different polarization states, the anisotropic properties and orientation angle of the fibrous media in the sample were extracted from an analytical function constructed using an empirical fitting process. Chen et al. [8] proposed a method based on a rotating quarter-wave plate and a CCD camera for imaging the Mueller matrix of biological tissues under stretching. Compared to traditional methods for extracting the linear birefringence (LB) properties of optical samples, the proposed method fully decoupled the LB properties of the sample from the linear dichroism (LD), circular birefringence (CB), circular dichroism (CD), and depolarization (Dep) properties. The effectiveness of the proposed approach was demonstrated by measuring the LB properties of stretched chicken breast muscle tissue.
In the studies above, the measurement process involves the use of moving parts (e.g., rotating polarizer, quarter-wave plates) to obtain the optical properties of interest. As a result, the time and complexity of the experimental process are increased. Furthermore, the rotation of the optical elements inevitably introduces experimental noise into the detection signal. Accordingly, the problem of developing Mueller matrix polarimeters with no moving parts has attracted growing attention in the literature. For example, Alali et al. [9] presented a technique for performing the wide-field imaging of the Mueller matrix of turbid media using four photoelastic modulators (PEMS) and a CCD camera. It was shown that the system provided an accurate and straightforward means of measuring the Mueller matrixes of various samples, including air, polarization elements, and turbid phantoms. Hagen et al. [10] proposed a snapshot Mueller matrix spectropolarimeter in which a frequencydomain interferometry technique was used to encode polarization information into the modulated spectrum. Kudenov et al. [11] proposed a snapshot imaging Mueller matrix polarimeter based on polarization gratings (PGs) and a quarter-wave plate. The feasibility of the proposed system was demonstrated by means of meticulous simulations and scalar diffraction theory.
This study proposes a new full-field Stokes-Mueller matrix imaging polarimetry system consisting of a polarization state generator (PSG) based on two electro-optical (EO) modulators, a polarization state analyzer (PSA) consisting of a further two EO modulators, and a CCD camera. Notably, the proposed system comprises no moving parts and therefore overcomes the main limitations of traditional polarimetry systems. Finally, the polarization states produced by the EO modulators are controlled simply by adjusting the waveform of the driving voltage [12] . Consequently, this study developed an unmoving EO full-field Stokes-Mueller Matrix system and overcame some fundamental limitations of traditional polarimeter system. The feasibility of the proposed method is demonstrated by imaging the Mueller matrixes of blank air and a quarter-wave plate, respectively.
Full-Field Stokes-Mueller Matrix Imaging Polarimetry System
Azzam [5] proposed a photopolarimetric measurement of 16 elements of Mueller matrix of an optical sample by rotating synchronously two quarter-wave retarders at different angular speeds of ω and 5ω. A discrete Fourier transform of the output periodic signal was performed to extract the Fourier amplitudes then consequently 16 elements of the Mueller matrix were simply determined. The present study applies a similar measurement theory to that presented in [5] , but replaces the rotating polarizing elements in [5] with stationary EO modulators (see Fig. 1 ). In the proposed approach, the sample is illuminated by six different polarization lights produced by a polarization state generator (PSG) (i.e., four linear polarized lights with angles of 0°, 45°, 90°and 135 o , respectively, one righthand circular polarization light, and one left-hand circular polarization light). For each input light, the intensity I(θ) of the optical beam is captured by CCD camera is given by where θ is the adjustable phase retardation of the EO 3 and with EO 4 (it is assumed that θ of EO 3 nd EO 4 is equivalent). S0, S1, S2, and S3 are the Stokes vectors. The Eq. (1) can be rewritten as
where the coefficient factors A, B, C, and D, were obtained using the Fourier transformation method.
Having obtained the values of A, B, C and D, the Stokes parameters of the optical sample can be determined algebraically as S 0 = A + C, S 1 = B, S 2 = 2C, and S 3 = −2D. Consequently, the 16 elements of the Mueller matrix can then be derived as Figure 2 shows the input signals provided to the four EOs in Fig. 1 over the course of the measurement process. Note that all of the signals are produced by an arbitrary waveform generator. As shown in Fig. 2(a) , the signals applied to the EOs of the PSG are designed in such a way as to produce the six required states of polarization of the input light, namely 0°, 45°, 90°, 135°, L-and R-, respectively. Furthermore, each state of polarization is applied for an equal time period of T/6, where the total processing time (T) depends on the signal frequency. Fig. 2(b) shows the retardation angles of the two EOs in the PSA over eight consecutive time periods (T), i.e., 0°, 45°, 90°, 135°, 180°, 255°, 279°and 315°, respectively. Each state of polarization of PSA was performed with a time period of T sufficient conditions to extract all 16 elements of the Mueller matrix of the optical sample [4] .
Experimental Setup and Results
As shown in Fig. 1 , the main items of equipments in the proposed Mueller matrix imaging polarimetry system include a laser illumination source (SL 02/2, SIOS Co.) with an output power of 15 mW and a working wavelength of 632.99 nm, a CCD camera (1500M-T1-GE, DVC, High QE CCD: > 62% @ 500 nm), a DAQ card (NI USB-6366), an arbitrary waveform generator (TGA1244), and a computer. The PSG comprises a fixed polarizer (SPF-30C-32, Sigma Koki), a neutral density filter (NDC-100, Thorlab), and two EO modulators (Model 350-50,) . The PSA also consists of two EO modulators (Model 350-50, Conoptics) and a fixed polarizer (SPF-30C-32, Sigma Koki). In performing the experiments, the polarizers in the PSG and PSA were both set with their fast axes in IEEE Photonics Journal Full-Field Stokes-Mueller Matrix Imaging Polarimetry the horizontal direction while the principal angles of EO 1 , EO 2 , EO 3 and EO 4 were set to 45°, 90°, 90°, and 45°, respectively. In addition, the frequency response of the pulse voltages for the four EO modulators was set as 15 Hz. The 48 CCD images acquired by the computer were processed using self-written image-processing program by Matlab to obtain the 16 Mueller matrix elements of the sample. Figure 3 shows the measurement results obtained by the full-field Mueller matrix imaging polarimetry system for a blank air sample. The images have a size of 200 × 200 pixels and are acquired in a total of just 10 s given an EO frequency response of 15 Hz. It is seen that all of the diagonal elements of the imaged Mueller matrix have a value close to 1, while the remaining elements have a value of approximately 0. In other words, the measurement results are in good agreements with the standard Mueller matrix of air which is well known in literature. Table 1 shows the elements in the normalized Mueller matrix derived from the CCD images in Fig. 3. (Note that the normalization process is performed pixel-by-pixel using element m 11 for reference purposes.) As shown on the right-hand side of the table, the maximum error and resolution of the measurement results are 0.089 and 10 −2 , respectively. It is noted that the error value of m 43 is 0.089 defined as the maximum error of the measurement results. In practice, the slight measurement error can be attributed to the ripples in the CCD images caused by misalignments in the optical setup, imperfect synchronization of 4 EOs, imperfections of the optical elements, environmental noise, and the quality of the CCD camera. Figure 4 shows the measurement results obtained for the normalized Mueller matrix of a standard quarter-wave plate (QWP05M-633, Thorlabs Co.) with its fast axis set in the horizontal direction. As shown, the m 22 and m 34 elements of the imaged Mueller matrix have value close to 0 and m 43 elements have a value close to −1, while the remaining elements have a value of approximately 0. Thus, the results are in good agreements with the standard Mueller matrix of a quarter-wave plate which is well known in literature. Table 2 presents the normalized Mueller matrix of the quarterwave plate derived from the CCD images. As shown, the maximum error and the resolution of the measurement results are just 0.062 and 10 −2 , respectively. It is noted that the error value of m 33 is 0.062 defined as the maximum error of the measurement results. The measurement error can again be attributed to misalignments, imperfect synchronization of 4 EOs, component imperfections, experimental noise, and the quality of the CCD camera. The frequency response of the proposed technique can be much improved by implementing high speed CCD camera. The system can capture image faster to minimize the ripples, thus improving the accuracy and precision of the whole measurement system. Furthermore, the maximum error and resolution of the proposed technique is one order better than the conventional photopolarimetry proposed in [5] . It is noted that the maximum error and the resolution of the conventional photopolarimetry system proposed in Ref. [5] was 0.314 and 10 −1 , respectively [13] . In general, the Mueller matrices of air and quarter-wave plate measured by the proposed system are in good agreements with the standard Mueller matrices of these samples which is well known in literature. Thus, the feasibility of the proposed technique is confirmed. In the future, more specific biomaterial samples such as human tissue, human skin etc . . . will be tested for further proving the consistency of the proposed system and its potential in characterizing optical properties of biomaterial for medical treatment applications. 
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Conclusions
This study has proposed a full field Stokes-Mueller matrix imaging polarimetry system based on four EO modulators. Compared to traditional polarimetry systems containing rotating analyzer plates, the proposed system has no moving parts. As a result, it is faster, more straightforward, and less susceptible to experimental errors and noise. Moreover, the system also has the advantages of a high frequency response for extracting the Mueller matrix of the sample. The results have shown that the system is capable of measuring the Mueller matrixes of blank air and quarter-wave plate samples with maximum errors of 0.089 and 0.062, respectively. In addition, the system has a resolution of 10 −2 . Overall, the results show that the proposed technique provides a reliable and experimentally convenient approach for imaging the Mueller matrix of optical samples such as biological materials and cancer cells.
